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A sequence of photoluminescence spectroscopy based methods are used to rigorously identify
and study all the main spectral features (more than thirty emission lines) of site controlled In-
GaAs/AlGaAs quantum dots (QDs) grown along [111]B in inverted tetrahedral pyramids. The
studied QDs reveal signatures of one confined electron level, one heavy-hole-like level and one light-
hole-like level. The various heavy-light-hole hybrid exciton complexes formed in these QDs are
studied by polarization resolved spectroscopy, excitation power dependence, crystal temperature
dependence and temporal single photon correlation measurements. The presented approach, which
only requires a minimal theoretical input, enables strict spectral identification of the fine structure
patterns including weak and spectrally overlapping emission lines. Furthermore, it allows the in-
volved electron-hole and hole-hole exchange interaction energies to be deduced from measurements.
Intricate fine structure patterns are qualitatively understood by group theory and shown to be very
sensitive to the exact symmetry of the QD. Emission patterns influenced by hole-hole exchange
interactions are found to be particularly useful for identifying QDs with high C3v symmetry and for
probing symmetry breaking.
PACS numbers: 71.70.Gm, 73.21.La, 78.67.Hc
I. INTRODUCTION
Epitaxial semiconductor quantum dots (QDs) that
trap and confine electron and holes on a nanoscopic
length scale have now been a subject of investigation
for more than two decades. The initial driving force
for the research was the application of QDs as the ac-
tive medium in lasers, which potentially would reduce
the lasing threshold current and improve the tempera-
ture stability of the devices [1]. More recently, the focus
has shifted from the lasers towards the application of QDs
as quantum light emitters in the area of optical quantum
communication and information processing [2]. In par-
ticular, the QDs have proven to be excellent emitters of
single and time-correlated photons [3, 4]. Currently there
is a significant effort to develop reliable QD-based emit-
ters of entangled photons [5–7], to integrate QDs with
photonics cavities and waveguides [8] and to coherently
manipulate the quantum states of the QDs [9]. A de-
tailed understanding about the optical properties of the
QDs and their electronic structure is of utmost impor-
tance for this development.
The most widely studied QDs are so far the strained
In(Ga)As dots formed in Stranski-Krastonov (SK)
growth mode on (001) GaAs substrates. Numerous and
detailed spectroscopy studies on these QDs addressing
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interband transitions have been published. A particu-
lar focus has been devoted to the exciton fine structure
[10, 11], since it can be detrimental for the generation of
polarization entangled photons in the biexciton-exciton
cascade decay [6, 7]. Since the prediction of vanishing
fine structure splitting for symmetric QDs grown in the
[111] direction [12, 13], as the effect of three instead of
two [14] symmetry planes for such QDs, there has been a
growing interest for alternative QD systems. Some alter-
native QD systems are based on nano-wire heterostruc-
tures [15], droplet epitaxy [16] and growth on non-planar
substrates [17]. In contrast to SK QDs, for which the for-
mation mechanism relies on significant lattice mismatch
between the substrate and the dot material, other ap-
proaches of fabrication can result in QDs with little or no
strain. While the electronic properties of typical disc-like
and strongly strained SK QDs can be fairly well under-
stood by models that neglect valence band mixing and
light-holes [10], this is not the case for some of the alter-
native QD systems for which such mixing is significant.
The purpose of this article is to present a complete
analysis of the intrinsic spectral features of InGaAs QDs
grown in inverted tetrahedral micropyramids etched into
(111)B GaAs substrates [17]. Unlike the typical SK QDs,
these pyramidal QDs exhibit a significant degree of va-
lence band mixing [12, 18]. The QDs of this study are of
a high technological interest, since they ideally possess
the high C3v symmetry required for generating polar-
ization entangled photons [12, 19]. Moreover, they are
site-controlled with extreme dot-to-dot uniformity in the
spectral features [20–23] and they are fully compatible
with the present photonic crystal technology [24].
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2For the analysis presented in this work, first the rel-
evant carrier states are identified, followed by a careful
identification of a total of eleven exciton complexes, ex-
hibiting more than thirty emission lines. A combina-
tion of experimental methods is presented to rigorously
identify the excitons complexes with minimal theoretical
input and without any numerical modelling. We demon-
strate that the approach allows a confident identification
of all emission lines as well as strict prediction of missing
emission lines hidden due to spectral overlap with other
high intensity components. Thereafter, the observed dot-
to-dot variation of the direct Coulomb interactions is
qualitatively discussed, followed by a detailed analysis of
the polarised fine structure patterns of all the identified
exciton complexes. This analysis is based on symmetry
arguments given by group theory alone and some general
knowledge about the electronic structure of the QDs, and
it enables extraction of all the relevant electron-hole and
hole-hole exchange interaction energies from the experi-
mental spectroscopic data. Finally, the effects of symme-
try breaking are analyzed in terms of degeneracy lifting
and relaxed optical selection rules. Most importantly,
the spectral signatures of high symmetry QDs are iden-
tified. The methods presented in this work are general
and they should be applicable to any QD system, and, in
particular, the group theory approach for analysing the
fine structure patterns is very effective when dealing with
high symmetry QDs.
II. EXPERIMENTAL DETAILS
The experiments were performed on hexagonal arrays
of QDs fabricated by low-pressure organometallic chem-
ical vapor deposition (OMCVD) in tetrahedral recesses
patterned with 5 µm pitch on a 2◦-off GaAs (111)B sub-
strate [17]. Thin QDs self-form due to growth anisotropy
and capillarity effects [25, 26] from a nominally 0.5-nm-
thick In0.10Ga0.90As layer at the center of the pyramids,
sandwiched between Al0.30Ga0.70As barriers. The ac-
tual Al concentration in the barriers surrounding the QD
becomes however reduced due to alloy segregation: A
vertical quantum wire (VQWR) of nearly pure GaAs is
formed along the vertical axis of the pyramid, intersect-
ing the QD, and three vertical quantum wells with 20%
Al concentration are connected to the QD and VQWR
[18, 27]. Individual QDs were excited non-resonantly by
a laser spot size of 1 µm with the power in the range
25 - 750 nW and wavelength 532 nm. The sample was
placed in a cold finger cryostat and kept at a constant
temperature chosen in the range of 10 - 30 K. The single
QD photoluminescence (PL) was split 50/50 and trans-
ferred to the entrance slits of two monochromators and
recorded by either a charge-coupled device (CCD) or by
avalanche photo diodes (APD), with the spectral resolu-
tion set to 110 µeV. The two APDs, operating in single-
photon counting mode, terminated the two arms in a
Hanbury Brown and Twiss setup and generated the start
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FIG. 1: (Color online) Polarization resolved µPL spectra
of a single QD acquired from the cleaved edge with 500 nW
excitation power at T = 27 K. The solid (dotted) black lines
indicate PL intensity Iy (Iz) linearly polarized along y (z),
the solid grey line indicates the degree of linear polarization
P = (Iy − Iz)/(Iy + Iz). The PL intensity is normalized with
respect to Iy. The inset illustrates the QD and the VQWR in
a partially cleaved inverted pyramid with the relevant crys-
tallographic directions indicated.
and stop signals for temporal single photon-correlation
spectroscopy. The optical linear polarization of the lu-
minescence was analyzed by a rotatable λ/2-plate and a
fixed linear polarizer placed in the signal path in front of
the entrance slit of the monochromator. The contrast in
the polarization measurements was about 50:1.
The QDs were investigated both in the standard top-
view geometry, with the luminescence extracted along the
growth axis [111]B (z) enabling polarization analysis in
the perpendicular xy-plane, and in a side-view geometry
with the light extracted along [11¯0] (x) and the polariza-
tion analyzed in the yz-plane. For the measurements in
side-view geometry, the samples were cleaved along [112¯]
(y) and the QDs in partially cleaved pyramids were inves-
tigated [28]. Note that the often ignored z-polarization,
only accessible from the cleaved edge, is highly relevant
for studies on QDs with valence band mixing. Before the
measurements in the standard top-view geometry, the
samples underwent a substrate-removal procedure called
backetching which results in freestanding pyramids with
significantly improved light extraction efficiency [29]. In
total, nearly 200 QDs were carefully analyzed in this
study.
III. CARRIER STATES
The side-view interband PL emission of a single pyra-
midal QDs is rich of spectral features [12, 28]. Identifi-
cations of the various emission lines in terms of exciton
complexes will be presented in the following sections. In
this section the focus is on the fact that the emission lines
can be divided into two groups distinguished by their
linear polarization: Group 1 corresponds to polarization
vectors in the xy-plane and group 2 is mainly polarized
3in the perpendicular z-direction. This is revealed in the
typical side-view spectrum shown in Fig. 1, where also
the degree of linear polarization (P ) is plotted. Note
the abrupt transition in the average degree of polariza-
tion from P ≈ +1 to P ≈ −0.6 when the photon energy
passes from group 1 to group 2.
The valence band eigenstates at the Brillouin zone cen-
ter for typical zincblende quantum wells (QWs) can have
either of two characters of the Bloch-periodic part of the
wave function, refered to as heavy- and light-holes. In a
quantum well the optical interband transitions between
an electron in the conduction band and a heavy-hole
(hh) exhibit P = +1, while the corresponding value is
P = −0.6 for a light-hole (lh). It is therefore natural to
refer to the QD emission lines belonging to groups 1 and
2 as well as the corresponding hole states as heavy-hole-
like and light-hole-like, respectively, although the single-
particle eigenstates in a QD do not necessarily have pure
hh or lh characters. In fact, k · p modelling of the pyra-
midal QDs yields about 10% lh in the hh-like states and
about 10% hh in the lh-like states [12]. Similar to QWs
are the hh-like transitions here being observed with low-
est energy while the lh-like transitions appear at higher
energies. This indicates that the hole ground level is hh-
like and that the excited energy level is lh-like.
The relative PL intensity of the lh-like emission in-
creases with the crystal temperature T , as shown in Fig.
2(a). Above T = 25 K, the relative intensity of lh-like
emission corresponds to an activation energy EA = ∼ 7
meV, which is in fair agreement with the observed energy
separation of ∼ 9 meV between the dominating pairs of
emission lines with lh-like and hh-like polarization [see
Fig. 2(b)]. The discrepancy of nearly 2 meV can partly
be understood as different Coulomb interaction energies
between the electron and a hole either in the hh-like or
in the lh-like state, as will be discussed in Section V. It
can therefore be concluded that the energy separation
between the hh-like and lh-like states must be of a simi-
lar magnitude (∼ 7 to 9 meV), and that the energetically
higher lh-like hole states essentially are thermally popu-
lated for T ≥ 25 K. For T < 25 K, on the other hand,
it is clear from the Arrhenius plot in Fig. 2(b) that the
intensity of the lh-like emission is significantly stronger
than expected from purely thermal excitation. This indi-
cates a reduced relaxation efficiency of the holes from the
lh-like state down to the hh-like. This effect may be the
result of the acoustic phonon relaxation bottleneck which
has been predicted in zero-dimensional system by Bock-
elmann and Bastard [30], and observed subsequently in
single GaAs/AlGaAs QDs by Brunner et al. [31].
There are no spectral evidences of any additional hole
level confined to the QD, besides the discussed hh- and
lh-like levels. Moreover, there are no indications of any
excited electron levels in the spectra. Consequently, all
the details of the pyramidal QD spectra will in the fol-
lowing be analyzed on the basis of one single electron
level, one hh-like level and one lh-like level. Each level is
assumed to accommodate two degenerate single particle
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FIG. 2: (a) µPL spectra of a single QD acquired in top view at
two different temperatures. The lh-like emission is enhanced
by a factor 10. (b) The ratio between the total integrated in-
tensity of the lh-like emission lines (Ih2) and the hh-like emis-
sion lines (Ih1) is shown with circles and the Boltzmann factor
corresponding to activation energy EA = 7 meV is shown as
a dashed line.
states due to Kramer’s degeneracy.
IV. EXCITON COMPLEXES
Electrons (e) and holes (h) confined in a QD under the
influence of mutual Coulomb interactions form a large
variety exciton complexes. Exciton complexes have been
identified and investigated for various QD systems, and
for the most well-studied complexes, all the electrons and
holes occupy the corresponding ground state levels, such
as the single exciton X (1e1h), the biexciton 2X (2e2h),
the negative trion X− (2e1h) and the positive trion X+
(1e2h). For the pyramidal QD system, these complexes
dominate the spectra measured in the standard top-view
geometry, corresponding to the solid black line in Fig.
1. Their spectral identification (see the labels in Figs. 1
and 2) have previously been firmly justified by temporal
photon correlation measurements [32].
The charge state of the complexes in a pyramidal QD
can conveniently be optically controlled by the excitation
power, according to an established photo-depletion model
[33]. For the majority of the pyramidal QDs, but not all,
the dominating charge state also can be controlled by
the crystal temperature [34, 35]. The coexistence of ex-
citon complexes with different charge states in the same
spectrum is an inherent property of a system populated
by random and separate processes of electron and hole
capture [32, 36].
4FIG. 3: Schematic diagrams of the electronic configurations
of exciton complexes for shallow-potential pyramidal QDs.
The lh-like hole level is represented by a horizontal dotted
line.
A. Notation
The above mentioned electron and hole levels in the
pyramidal QDs enable the existence of 16 different exci-
ton complexes. In order to be able to address a specific
complex unambiguously, we extend the standard labeling
with two subscript indices, where the first (second) index
denotes the number of holes occupying the first (second)
hole level [12]. Schematic diagrams of all the possible
exciton complexes together with their labels are shown
in Fig. 3.
The optical decay of an exciton complex will produce
different spectral outcomes depending on whether the re-
combining hole is hh-like or lh-like. For a complex involv-
ing holes in both levels, e.g. X+11, two different optical
transitions exists depending on if it is the hh-like or lh-
like hole that recombines. The two possibilities will be
distinguished by a bar above the index in the label rep-
resenting the energy level of the recombining hole. Thus,
for the given example, X+
1¯1
indicates the recombination
of the hole in the hh-like level and X+
11¯
that of the lh-like
level.
B. Experimental identification
The dominating lh-like emission lines can be identi-
fied by correlating their intensities with the well known
hh-like emission lines (X1¯0, 2X2¯0, X
−
1¯0
and X+
2¯0
), as the
charge population of the dot is tuned by a parameter like
excitation power or crystal temperature. Fig. 4 shows
spectra at different temperatures for a typical QD, mea-
sured from the cleaved edge with the polarization ana-
lyzer in an intermediate position transmitting both hh-
like and the lh-like emission lines with comparable inten-
sities [35]. It is clear that the left part of the spectrum for
this QD, corresponding to hh-like transitions, undergoes
dramatic changes with the temperature: As the temper-
ature is increased the average charge state of the dot suc-
cessively changes from mainly positive, indicated by the
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FIG. 4: µPL spectra of a single QD acquired from the cleaved
edge at different crystal temperatures. The detected polariza-
tion was set to 60◦ with respect to y so that both hh-like and
lh-like (shaded area) transitions could be detected with com-
parable intensities. A laser power of 35 nW was used for the
measurements.
strong intensity of X+
2¯0
, to largely negative with intensity
of X−
1¯0
becoming dominant. The full temperature evolu-
tions of X−
1¯0
and X+
2¯0
are plotted in Fig. 5 (a). Emission
lines with temperature dependencies very similar to X−
1¯0
or X+
2¯0
can also be identified in the right lh-like part of
the spectrum, as shown by the single line denoted LH−
and the group of lines denoted LH+ in Figs. 4 and 5
(b). This suggests that LH− originates from a negatively
charged complex, while the group LH+ is related to one
or several positively charged complexes. Note that the
unique temperature dependence of the hh-like emission
lines X1¯0 and 2X2¯0, originating from neutral complexes,
is also reproduced for some of the lh-like emission lines,
denoted LH01 and LH
0
2 in Figs 4 and 5.
According to Fig. 3, there is merely one way to form a
negative trion with lh-like emission lines, X−
01¯
, for the in-
vestigated shallow-potential pyramidal QDs. Hence, the
single emission line LH− is identified as X−
01¯
.
The intensity of LH+ is the only part of the lh-like
5Temperature (K)
10 15 20 25
Temperature (K)
10 15 20 25
Int
eg
rat
ed
 PL
 In
ten
sity
 (a
rb.
 un
its)
(a)
(d)(b)
(c)
FIG. 5: Temperature dependence of the PL intensity corre-
sponding to (a) and (b) the positively and negatively charged
exciton complexes and (c) and (d) neutral exciton complexes.
emission that correlates well with the intensity of the
positive trion. However, there are two ways in which tri-
ons with lh-like emission can be generated, either by X+
02¯
or by X+
11¯
(see Fig. 3). The former case requires two ex-
cited holes, while only one hole is excited for X+
11¯
. It can
therefore be argued that X+
11¯
, and not X+
02¯
, should dom-
inate the spectra, since the temperatures used in these
experiments correspond to a thermal energy of 1-2 meV
that is much smaller than than the energy spacing be-
tween the hole levels (∼ 7 to 9 meV). Thus, it is signif-
icantly less likely to find a complex populated with two
excited holes, as compared to a complex populated with
one excited hole. This does not exclude that some weak
emission from X+
02¯
also could be present in the spectra.
The tentative assignement of LH+ to the complex X+11
will be verified and confirmed later in this section.
The two lh-like emission lines LH01 and LH
0
2 which cor-
relates with neutral complexes can be related to either
the single exciton X01¯ or the biexcitons 2X11¯ and 2X02¯.
Again, the temperature argument given above speaks in
the favor of 2X11¯ as the most dominating biexciton re-
lated emission, instead of 2X02¯ with two excited holes.
Therefore, LH01 and LH
0
2 are tentatively attributed to the
single exciton X01¯ and the biexciton 2X11¯, respectively.
This attribution will be verified in the following.
It is interesting to note that both LH+ and LH02 con-
sist of a set of at least three resolved emission lines, all
within a narrow spectral range of∼ 0.4 meV. This implies
that the maximal interaction energy involved to induce
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FIG. 6: Polarization resolved µPL spectra of a single QD ac-
quired at T = 27 K from the cleaved edge with successively
increasing excitation powers up to 500 nW. The solid (dot-
ted) lines indicate PL intensity linearly polarized along y (z).
Dominating emission lines saturate the detector.
this fine structure are of the same order ∼ 0.4 meV. As
this energy is well below the thermal energy, the spec-
tral fine structure components of the corresponding com-
plexes should be nearly independent of the temperature.
This is confirmed by experiments; while the tempera-
ture dependent charging dramatically redistributes the
PL intensities among different exciton complexes, the
relative intensities of multiple emission lines belonging
to the same complex is essentially remaining constant.
Thus, this approach can be consistently used to deter-
mine exactly which of the emission lines are related to a
certain complex, and which of them are not.
The identification of the lh-like emission lines 2X11¯ and
X+
11¯
should be made in comparison with the correspond-
ing hh-like transitions 2X1¯1 and X
+
1¯1
. Potential candi-
dates for such hh-like emission lines are indeed seen as
weak features marked by arrows at the bottom of Fig. 4.
In particular, the set denoted HH0 correlates in intensity
with the neutral complexes while the set HH+ follows
the temperature dependence of the positive trion. These
weak features are more clearly seen in the power depen-
dent spectra of a different QD presented in Fig. 6, where
the dominating peaks cause saturation of the detector.
Analogous to the temperature dependence, the dot pro-
gressively changes its charge state from being negative at
low powers to be become mainly positive at high powers.
As the power increases, three lh-like emission lines pre-
viously attributed to X+
11¯
appear in each polarization
resolved spectrum. Simultaneously, three well resolved
hh-like lines appear on the low-energy side of the single
exciton X1¯0. These three lines exhibit identical energy
spacings as the three y-polarized emission lines of X+
11¯
.
6(b)(a)
FIG. 7: Decay diagrams of (a) the positive trion X+
11¯
and
(b) the biexciton 2X11¯. Fine structure splittings caused by
e-h and h-h exchange Coulomb interactions will be described
in detail in section VI.
Identical energy spacings for X+
11¯
and X+
1¯1
are indeed ex-
pected, since the final state of both transitions is a sole
hole, occupying a degenerate ground state (in absence of
external magnetic field). Thus, all splittings occur in the
initial states of X+11, which is identical for both transi-
tions as illustrated in Fig. 7 (a). Consequently, the set
of lines appearing on the low-energy side of X1¯0 are at-
tributed to X+
1¯1
(see Fig 6). Unlike the QD presented in
Fig. 6, the X+
1¯1
transitions are less clearly resolved for
most of the studied dots due to partial spectral overlap
with the strong emission line X1¯0.
For the QD shown in Fig 6, the biexciton complex
2X11¯ corresponds to four well resolved emission lines.
A corresponding set of lines that can be attributed to
2X1¯1 are observed at low powers on the low-energy side
of 2X2¯0. In this case, the details of the spectral pat-
terns of 2X11¯ and 2X1¯1 are expected to be different, as a
consequence of unequal splittings of the final states char-
acterizing the hh- and lh-like transitions [see Fig. 7 (b)].
A very strong support for the proposed attributions to
2X11¯ and 2X1¯1 as well as X01¯ can be derived from the
full cascade of radiative decay from 2X11 to an empty
dot, as shown in Fig. 8 (a), relying on the fact that the
initial states 2X11 and the final state (empty QD) are
identical for both decay paths [37]. Neglecting any fine
structure splittings of the intermediate single excitons,
the global energy separation α′ = X1¯0 - 2X1¯1 must be
approximately equal to the global energy separation α =
X01¯ - 2X11¯. Furthermore, with precise knowledge about
the excitonic fine structure, exact energy relations applies
to some specific transitions (see section VII). However, at
this stage of the analysis the identification of the spectral
intervals between the appropriate transitions α and α′
given in Fig. 6 indeed yield α ≈ α′ ≈ 3.35 meV for
this particular QD. This energy relation also holds for all
studied dots for which the relevant emission lines could be
unambiguously identified (i.e. no spectral overlap with
other transitions), and measured values of α and α′ are
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FIG. 8: (a) Diagram of the cascade decay of 2X11. Thick
horizontal lines represent a group of energy levels while the
thin horizontal line represents a single energy level. (b) Plot of
the energy separations α′ and α (defined in Fig. 6) extracted
from the experimental spectra of 168 QDs.
reported in Fig. 8 (b) for 168 QDs.
As the power is increased (see Fig. 6), a new set of
hh-like emission lines appear on the low-energy side of
2X2¯0, superimposed on 2X1¯1. Concurrently, a new sin-
gle lh-like emission line appears on the low-energy side of
X−
01¯
. These new transitions can confidently be attributed
to a positively charged biexciton, namely 2X+
21¯
and 2X+
2¯1
,
as explained in the following. The full decay scheme of
2X+21 is shown in Fig. 9 (a), and in analogy to the dis-
cussion above about the biexciton 2X11, there are two
paths in the cascade decay with identical initial and final
states. However, in this case only one of the two inter-
mediate states is split, and exact energy relations can
therefore be derived without any further detailed knowl-
edge about the fine structure of the intermediate state.
With β = X+
11¯
− 2X+
21¯
and β′ = X+
2¯0
− 2X+
2¯1
, one finds
from Fig. 9 (a) the strict relation β′ = β. This im-
plies that the spectral pattern of 2X+
2¯1
essentially is the
energetically mirrored pattern of X+
11¯
. The spectral po-
sition of the mirror is defined in Fig. 6 at the half of the
distance between the spectral lines corresponding to X+
2¯0
and 2X+
21¯
. The strict relation β′ = β is verified for the
QD in Fig. 6, and is clearly illustrated by the mirrored
y-polarized lh-like spectrum that is displayed as a grey
line at the bottom. It is also verified for all the other in-
vestigated QDs that allowed unambiguous identifications
as summarized in Fig. 9 (b). Although the spectrum of
X+
11¯
for the QD shown in Fig. 6 consists of four com-
ponents, only three of them are present in the spectrum
of 2X+
2¯1
. The fourth component at lowest energy is unre-
solved because of its weak intensity and spectral overlap
with the next stronger component at higher energy.
Note that 2X+
21¯
is very different from the other ob-
served lh-like transitions, in the sense that this complex
is in its ground state. 2X+21 can be created at high exci-
tation powers by state filling, while all the other lh-like
transitions discussed here require the excitation of holes.
As a final confirmation of peak identification conducted
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FIG. 9: Diagram of the cascade decay of 2X+21. Thin hor-
izontal lines represent a single energy levels while the thick
horizontal line represents a group of energy levels. (b) Plot of
the energy separations β′ and β (defined in Fig. 6) extracted
from the experimental spectra of 189 QDs.
in this section, second order photon correlation spec-
troscopy will be employed for the cascade decays illus-
trated in Figs. 8 (a) and 9 (a). Spectra of the QD
used for the correlation measurements are shown in Fig.
10 (a). A conventional symmetric anti-bunching dip is
observed in the measured auto-correlation function at
zero time delay, obtained by X1¯0 photons as both the
start and the stop signals [see Fig. 10 (b)], simply re-
flecting the single photon emission property of the QD.
For a biexciton-exciton cascade decay, photon bunching
is revealed in the cross-correlation function for which
a photon from the biexciton generates the start signal
and the subsequently emitted exciton photon triggers the
stop. Such a typical cross-correlation function exhibit-
ing photon bunching is shown in Fig. 10 (c) for the
conventional biexciton 2X2¯0 and the single exciton X1¯0.
Similar cross-correlation functions are expected for any
biexciton-exciton cascade decay, and the photon bunch-
ing revealed in Fig. 10 (d) for 2X1¯1 and X01¯ as well
as in Fig. 10 (e) for 2X11¯ and X1¯0 confirms the pre-
vious identification of these transitions. Moreover, the
cascade decay of 2X+21 is confirmed in Fig. 10 (f), for
the decay path 2X+
21¯
→ X+
2¯0
. The intensity of 2X+
2¯1
is
too weak to allow cross-correlation measurements with
any of the two alternative decay paths 2X+
2¯1
→ X+
1¯1
and
2X+
2¯1
→ X+
11¯
. Finally, Fig. 10 (g) shows that bunching is
also observed for 2X2¯0 and X01¯, indicating that although
the recombination of 2X20 prepares the QD with a single
exciton in the ground state X10, this exciton may subse-
quently recombine from its excited state X01. This result
is consistent with a thermal population of the excited lh-
like level, which was previously demonstrated to occur at
T ≥ 25 K.
In conclusion of this part, the spectral features per-
taining to the very same exciton complex, as well as the
charge state of the complex, were identified by unchanged
relative intensities of the emission lines upon controlled
charging. Thereafter, strict relations among certain spec-
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FIG. 10: (a) µPL spectra of a single back-etched QD ac-
quired in the standard top-view geometry with 75 nW (solid
line) and 92 nW (dashed line) excitation powers at T = 28
K. Dominating emission lines saturate the detector. (b) to
(g) Measured second order photon correlation functions. The
start and stop signals as well as the total number of coinci-
dences are indicated in each histogram.
tral lines and their energies were applied in order to firmly
attribute a set of emission lines to a specific exciton com-
plex. For transitions with strong enough intensity, the
identification was further confirmed with single photon
temporal correlation spectroscopy. Figure 11 (a) sum-
marizes all the excitonic emission lines that have so far
been rigorously identified for the investigated shallow-
potential pyramidal QDs.
In figure 11 (b) we report additional weaker emission
lines appearing in between 2X+
21¯
and 2X11¯ at high exci-
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FIG. 11: µPL spectra of a single QD acquired from the cleaved
edge with (a) 500 nW (b) 650 nW excitation powers at T =
27 K. Solid (dotted) black curves represent y-polarized (z-
polarized) emission. Experimentally rigorously identified ex-
citonic transitions are indicated by big labels, while the small
label in the bottom spectrum are tentative attributions con-
sistent with the analysis in section VII.
tation powers. There is also a weak shoulder on the high
energy side of X+
11¯
. The attribution of these features is
not as certain as those given in Fig. 11 (a), but we will
show in section VII that an identification of these features
as 2X+
12¯
and X+
02¯
is fully consistent with the experimen-
tal data and with the expected fine structure splitting
patterns of these complexes. Furthermore, this identifi-
cation implies that 2X+
1¯2
spectrally overlaps with 2X+
1¯1
,
which explains the change of the relative intensities of the
components of this complex at high excitation powers.
V. COULOMB ENERGIES
The spectral position of the single exciton emission
varies slightly from dot to dot due to existing fluctuations
in the confinement potential. The variation is relatively
large in the investigated sample, and is characterized by
a standard deviation of ∼5 meV at an average X1¯0 emis-
sion energy of 1537 meV; this should be compared with
later generations of pyramidal QDs that exhibit a sta-
tistical broadening as small as 1 meV [22]. The energy
separation between the lh-like and hh-like transitions X01¯
and X1¯0 is found to be 7.1±1.3 meV, and it is clearly cor-
related with the emission energy of X1¯0, as seen in Fig.
12 (a). This dependence originates from the stronger lo-
calization of the ground hole state h1, which is thus more
sensitive to local potential fluctuations than the excited
state h2, causing the energy spacing between the hole lev-
els to vary with the emission energy. In particular, the
light mass of h2 makes its wave function delocalized in
the z-direction with significant leakage into the VQWR.
The actual energy spacing between h2 and h1 can be
determined with aid of the X+
1¯1
and X+
11¯
transitions. As
illustrated in Fig. 7 (a), the difference between the
corresponding lh-like and hh-like transition energies of
this complex gives direct access to the energy spacing
between h2 and h1, without any influence of Coulomb
interactions. The measured average spacing is in this
case 6.78±1.07 meV: it is slightly smaller than that of
the single excitons; The average difference between the
spacings of the single excitons (X01¯ and X1¯0) and the
actual spacing of the hole levels (h2 and h1) is 0.56±0.13
meV. The only distinction between X01¯ and X1¯0 is the
hole configuration. Thus, the difference of ∼0.6 meV sim-
ply corresponds to the difference of the exciton binding
energies between X10 and X01. It implies that the attrac-
tive e-h Coulomb interaction is weaker for h2 than for h1,
which is not surprising, since h2 is more delocalized than
h1, and therefore its wave function has a smaller overlap
with that of the the electron. What may be unexpected,
however, is that the difference in binding energy between
the hh-like and lh-like exciton is only ∼0.6 meV despite
of the lh-character of the latter exciton state.
The binding energy (Eb) of a complex that involves
more than a single electron or hole is defined as the en-
ergy required to hypothetically dissociate an exciton from
the additional carriers. If both h1 and h2 levels are popu-
lated with holes, like for the trion X+11, two such binding
energies can be defined for the dissociation of either X10
or X01 from a hole in h2 or h1. In order to distinguish
between these two binding energies, the hole of the dis-
sociated exciton will be marked with a circumflex. Ac-
cordingly, the two binding energies given in this example
will be denoted Eb(X
+
1ˆ1
) and Eb(X
+
11ˆ
). Spectroscopically,
these binding energies are obtained as the difference be-
tween the transition energies of the corresponding exciton
and the complex, e.g. Eb(X
+
1ˆ1
) = X1¯0 - X
+
1¯1
and Eb(X
+
11ˆ
)
= X01¯ - X
+
11¯
.
A narrow distribution was observed in the relative
emission energies of the exciton complexes, as shown
in the histograms of Fig. 12. The average binding
energies for the hh-like complexes in this sample are
Eb(X
−
1ˆ0
) = 4.50±0.17 meV, Eb(2X2ˆ0)= 1.97±0.21 meV
and Eb(X
+
2ˆ0
)=-0.86±0.27 meV [see Fig. 12 (a)].
There is a clear dependence of the binding energy on
the net charge of the complex [38]. This dependence is
common for various QD systems, and it is very well un-
derstood as a consequence of the effective masses of the
holes being larger than the effective mass of the elec-
tron, which implies a stronger spatial localization of the
holes compared to the electron. The repulsive direct h-h
Coulomb interaction (Vhh) is therefore stronger than the
attractive e-h interaction (Veh) which, in turn, is stronger
than the repulsive e-e interaction (Vee) [39]. The sim-
plest model of an exciton complex accounts for a single
configuration of the electrons and holes on the QD elec-
tronic levels neglecting Coulomb correlation effects, and
assumes the strong confinement limit for the carriers. In
such a simple model, the binding energies of the com-
plexes are expressed to the first order of perturbation
theory as:
9Eb(X
−
1ˆ0
) = Veh − Vee
Eb(2X2ˆ0) = 2Veh − Vhh − Vee (1)
Eb(X
+
2ˆ0
) = Veh − Vhh
It is clear from the energy hierarchy Vee < Veh < Vhh
that Eb(X
−
1ˆ0
) is positive and Eb(X
+
2ˆ0
) is negative, while
the value of Eb(2X2ˆ0) must lie in between these two trion
binding energies. The Coulomb correlation effects, which
are not accounted for in these expressions, are known to
enhance the binding energy of the exciton [40] and would
also enhance the binding energies of all exciton complexes
[41], possibly shifting Eb(X
+
2ˆ0
) to positive values.
A dot-to-dot variation of the Coulomb interaction en-
ergies can be caused by potential fluctuations related to
a small randomness of dot size and composition. For ex-
ample, a dot with a higher In-composition forms a deeper
confinement potential leading not only to lower emission
energy, but also to stronger Coulomb interactions with
larger magnitudes of Veh, Vhh and Vee. A correlation be-
tween the absolute emission energy and the binding en-
ergies of the complexes may therefore be expected. This
was investigated by Baier [42] in similar pyramidal QDs,
and, surprisingly, such correlations could not be found.
The absence of a correlation is also confirmed for the
samples of our study. The results are displayed in Fig.
13 (a), where the binding energies are plotted versus the
emission energy X1¯0. Thus, we must conclude that com-
peting mechanisms are active, mechanisms for which a
deeper confinement is associated with a higher emission
energy. A plausible competing mechanism is composition
fluctuations in the AlGaAs barriers surrounding the dot.
In this case an increased Al-composition of the barrier,
for example, would also lead to deeper confinement po-
tential and stronger Coulomb interactions, but instead
to a higher emission energy. This competing mechanism
is not possible for a binary barrier such a GaAs. Corre-
lations with the emission energy X1¯0 have indeed been
reported for the biexciton and negative trion binding en-
ergies in a recent study of pyramidal InGaAs QDs in pure
GaAs barriers [43].
The changes of the binding energies ∆Eb due to vari-
ations of the Coulomb interaction energies (∆Veh, ∆Vee
and ∆Vhh) can be formulated analogously to Eq. 1.
∆Eb(X
−
1ˆ0
) = ∆Veh −∆Vee
∆Eb(2X2ˆ0) = 2∆Veh −∆Vhh −∆Vee (2)
∆Eb(X
+
2ˆ0
) = ∆Veh −∆Vhh
The signs of these energy variations ∆Veh, ∆Vhh and
∆Vee are all equal since the corresponding interac-
tion energies Veh, Vhh and Vee are expected to be en-
hanced (or reduced) together under dot-to-dot poten-
tial variations. If the energy variations also obey the
inequalities |∆Vee| < |∆Veh| < |∆Vhh|, then it fol-
lows from Eq. 2 that an enhancement (reduction)
of all the Coulomb interaction energies corresponds to
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FIG. 12: (Color online) (a) Energy difference between the lh-
like and hh-like single excitons versus the transition energy
of the hh-like single exciton. (b) Histograms of hh-like tran-
sition energies relative to that of hh-like single exciton. (c)
Histograms of lh-like transition energies relative to that of the
lh-like single exciton.
1530 1540 1550-2
-1
0
1
2
3
4
5
6
1.5 2 2.5 1.5 2 2.5
Photon Energy (meV)
Bin
din
g E
ne
rgy
(m
eV
)
(a) (b) (c)
Binding Energy (meV)
FIG. 13: (a) Binding energies of exciton complexes plotted
versus the transition energy of the hh-like single exciton. (b)
and (c) Binding energies of of exciton complexes plotted ver-
sus the binding energy of the hh-like biexciton.
∆Eb(X
−
1ˆ0
) > 0 (∆Eb(X
−
1ˆ0
) < 0) and ∆Eb(X
+
2ˆ0
) < 0
(∆Eb(X
+
2ˆ0
) > 0). Hence, in this case the variations
of the positive and negative trion binding energies are
anticorrelated. Theoretically, such anticorrelation was
predicted in model calculations of these charged exci-
ton complexes in spherical QDs [44]. The anticorrela-
tion between the energy shifts of the positive and nega-
tive trions is observed for all the samples in our study,
see 13 (b), and in an earlier study on different samples
[42]. Moreover, analogous correlation patterns can be
observed also for the exciton complexes involving lh-like
10
holes, as shown in Fig. 13 (c), which is consistent with
the assignments of these complexes given in the previ-
ous section. Note that the negative slope of Eb(X
−
01ˆ
) is
smaller than for Eb(X
−
1ˆ0
) in Fig. 13, indicating that
the magnitudes of ∆Veh and ∆Vee are more similar for
h2 than for h1. In addition, we find a strong correla-
tion between the positive trion Eb(X
+
2ˆ0
) and the biexciton
Eb(2X2ˆ0), implying that |∆Vee| + |∆Vhh| > 2|∆Veh| for
the model discussed here. This relation can be reformu-
lated as |∆Veh−∆Vee| < |∆Veh−|∆Vhh| and using Eq. 2
as |∆Eb(X−1ˆ0)| < |∆Eb(X
+
2ˆ0
)|. Thus, this result explains
the fact that the statistical variation of the binding ener-
gies of these complexes exhibit a dependence on the net
charge of the complex, with smallest spread of 0.17 meV
for Eb(X
−
1ˆ0
) and largest spread of 0.27 meV for Eb(X
+
2ˆ0
)
[see Figs. 12 (b) and (c)].
VI. EXCITONIC FINE STRUCTURE
The rigorous and complete spectral identification of
the dominating exciton complexes (X10, X
−
10, X
+
20, 2X20,
X01, X
−
01, X
+
11, 2X11 and 2X
+
21) demonstrated in section
IV enables a detailed investigation of the fine structure
in their emission patterns. It is found from experiments
that the fine structure of the hybrid complexes, popu-
lated with both hh- and lh-like holes, varies significantly
from dot-to-dot, both in terms of number of emission
lines as well as their polarization. It is well known that
the excitonic fine structure caused by Coulomb exchange
interactions is intimately linked with the symmetries of
the involved electron and hole states and the occupation
of the single-particle levels. Therefore, any analysis of the
fine structure is naturally based on symmetry arguments
provided by group theory using the approach described
in [45].
A. Group theory
The investigated zincblende pyramidal QDs grown
along [111] ideally possess three symmetry planes, cor-
responding to point group C3v [12]. Hence, the pyra-
midal QDs can possess a symmetry higher than con-
ventional QDs grown on (001)-planes, for which the
zincblende crystal is compatible only with two symme-
try planes (C2v). The quantum states, which in general
have symmetries different from that of the actual QD,
are labeled according to the irreducible representations
of the point group. On the basis of a few simple ar-
guments [45] it can be shown that the electrons in the
ground state of a C3v QD are restricted to the double
group representation E1/2, using the Mulliken notation
of Ref. 46, while two types of holes can exist, labeled
either E1/2 or E3/2 (strictly speaking
1E3/2 +
2E3/2).
In the strong confinement regime, the corresponding la-
bels of the excitonic states are obtained simply by la-
bel multiplication of the involved electron and hole. Us-
ing available multiplication tables for C3v, the quantum
states of the two possible types of single excitons are ob-
tained [46]: E1/2 × E1/2 = A1 + A2 + E for type 1 and
E1/2 × E3/2 = E + E for type 2. The polarized optical
transition between the initial excitonic state and the final
state of an empty QD (which is invariant to any symme-
try operations of the point group and therefore labeled
A1), can be examined in the dipole-approximation by the
Wigner-Eckart theorem. The dipole operator itself trans-
forms according to conventional vectors (in C3v labeled
E for x- and y-polarization, and A1 for z-polarization)
and the resulting optical decay schemes are shown in Fig.
14 (a and c). Eventual energy spacings between the ex-
citonic states are solely caused by the electron-hole ex-
change interaction (∆eh). Note that the energy order
of the states is not determined by symmetry arguments,
but the order in Fig. 14 is chosen to be consistent with
experiments. In Fig. 14 we also display the group theo-
retical prediction corresponding to the higher symmetry
group D3h, obtained from C3v by adding the symmetry
operation of a symmetry plane perpendicular to those of
C3v. In such case, the ground state electrons is associ-
ated to E5/2 and the two hole states to E1/2 and E3/2
[56].
B. Spectral analysis
From the Wigner-Eckart theorem, we predict that the
spectrum of a type 1 exciton consists of one component
isotropically polarized in the xy-plane (σ-polarized) as
well as another z-polarized component, see Fig. 14 (a).
This is in perfect agreement with the experimental spec-
tra of the lh-like exciton X01 shown in Fig. 14 (b). The
energy splitting between the two optically active states
of X01 can be determined directly from the spectrum
∆1eh = 155 µeV, but the splitting with the dark state,
∆2eh, cannot be determined by any direct measurements
of X01¯.
An exciton of type 2 is predicted to be optically ac-
tive only with σ-polarization, like the hh-like exciton X10
shown in Fig. 14 (c). However, the theory predicts
two optically active states for X1¯0 while the experimental
spectra of X10 reveal only a single emission line, see Fig.
14 (d). This suggests either that the splitting ∆0eh be-
tween the energy levels is too small to be resolved, or that
the intensity of one of the components is too weak to be
detected. The absence of a second σ-polarized emission
line of X1¯0 is further supported by the data of another
dot measured in top-view configuration, giving access to
both the x- and y-polarization shown in Fig. 14 (e). The
existence of a single emission line is consistent with the
predicted polarization isotropy within the xy-plane.
In order to explain the discrepancy between the theo-
retically derived decay schemes for C3v and the actual PL
spectrum of X10, the concept of symmetry elevation was
introduced in our previous works [12, 45]. It was argued
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FIG. 14: Group theory derived decay schemes of X01 and
X10 under (a) C3v and (d) D3h. Doubly degenerate (non-
degenerate) levels are shown with thick (thin) horizontal lines.
Transitions with isotropic polarization in the xy-plane are rep-
resented by thick vertical lines, and z-polarized transitions are
represented by dotted vertical lines. Experimental µPL data
of X01¯ (b) and X1¯0 acquired in the side-view geometry. Solid
(dotted) curves correspond to y-polarized (z-polarized) PL.
Black thin vertical dotted lines aid the labeling of individ-
ual emission lines. Top-view µPL data X01¯ (e) shown as up
(down) pointing triangles along with gray (black) curve fits
for x-polarized (y-polarized) detection.
that an additional horizontal symmetry plane can be as-
sumed, causing an approximate elevation of the symme-
try from C3v to D3h. The corresponding decay schemes
for D3h are also shown in Figs. 14 (a) and 14 (c).
In the case of type I exciton, the fine structure splitting
pattern of the exciton is unchanged, but one of the opti-
cally active state of X01¯ becomes a dark state when the
symmetry is elevated to D3h; as a result, there is a sin-
gle optical transition in the emission spectrum of X01¯, in
agreement with the experimental data reported in Figs.
14 (d) and 14 (e).
For exciton complexes involving more than one
electron-hole pair, the irreducible representations of its
quantum states are obtained by the product of all in-
volved electrons and holes. For a completely filled elec-
tron (hole) level, the Pauli exclusion principle restricts
the product of electrons (holes) representations to the in-
variant irreducible representation A1 (A
′
1) in C3v (D3h).
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FIG. 15: Group theory derived decay schemes under C3v and
experimental µPL data acquired in the side-view geometry
of indicated exciton complexes. Doubly degenerate (non-
degenerate) levels are shown with thick (thin) horizontal lines.
Transitions with isotropic polarization in the xy-plane are rep-
resented by thick vertical lines, and z-polarized transitions
are represented by dotted vertical lines. Solid (dotted) curves
correspond to y-polarized (z-polarized) PL.
Note that the single particle energy levels are always dou-
bly degenerate because of the Kramers theorem.
The biexciton 2X20 consists of one filled electron level
and one filled hole level, the total product is therefore
also invariant A1 × A1 = A1, like an empty QD. Conse-
quently, the fine structure splitting pattern of this biexci-
ton mimics the pattern of the exciton, but with a reversed
energy order. The decay scheme derived for 2X20 under
C3v is shown in Fig. 15 (a); the experimental spectra,
only reveal a single emission line, which is in contrast to
the prediction of two lines in the case of the point group
C3v. Analogously to our previous result for the exciton
X10, one of the transitions of 2X2¯0 becomes optically in-
active, providing further evidence of elevated symmetry
D3h for these states. The corresponding lh-like biexci-
ton 2X02¯ has not been resolved experimentally, but its
spectral pattern is also predicted to mimic the reversed
pattern of the single exciton X01¯, which is identical for
both C3v and D3h, see Fig. 15 (b).
Several trions are formed from one filled electron or
hole level, plus an additional carrier of the opposite
charge. The final state of an optical transition is then a
single carrier. In this case, the irreducible representation
of the initial state is determined solely by the additional
carrier, while the label of the final state is determined
solely by the remaining carrier. As the single particle
states are Kramers degenerate (in absence of external
magnetic fields), single emission lines are predicted for
such trions, see Figs. 15 (c) to (f). Moreover, the hh-
like trions are predicted to emit light only with x- and
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y-polarization, in agreement with the experimental data
also shown in in Figs. 15 (d) and 15 (e), while the lh-
like trions are predicted to emit light polarized both in
the xy-plane as well as in the z-direction, as confirmed
by the spectra of the negative trion X−01 in Fig. 15 (f).
The positive lh-like trion X+
02¯
as a single line is supported
by a faint emission line in the spectra of Fig. 11 (b) in
full consistency with the derived pattern of Fig. 15 (c),
but it needs to be discussed in more detail, which will be
done below. All the spectral patterns derived for differ-
ent trion species in Figs. 15 (c) to (f) are identical for
both C3v and D3h.
Symmetry elevation was similarly found for the com-
plicated hybrid exciton complexes involving holes of dif-
ferent characters [45], e.g. the biexciton 2X11. In this
case, the Pauli exclusion applies only to the two electrons,
resulting in the invariant product labeled A1 for point
group C3v. The two holes, on the other hand, occupy
unfilled levels yielding the product E1/2×E3/2 = E+E.
Finally, the biexcitonic states are obtained as the prod-
uct of these intermediate factors, A1× (E+E) = E+E.
Thus, any energy spacing between the two E-states of
2X11 originates from the h-h exchange interaction (∆hh).
The final states of the transitions 2X11¯ and 2X1¯1 are the
two single excitons X10 and X01, respectively.
The full decay schemes of 2X11, derived for both C3v
and D3h, are shown in Fig. 16 (a). In this case, symme-
try elevation considerably simplifies the optical spectrum.
For instance, the six σ-polarized transitions ν1 to ν6 pre-
dicted for 2X1¯1 under C3v reduce to three transitions ν1
to ν3 under D3h. The actual y-polarized PL spectrum
of 2X1¯1 can indeed be satisfactorily explained by merely
three emission lines, as shown by a peak fit in Fig. 16
(b). However, precise measurements performed in the
top-view geometry evidence also weak features related to
ν4 to ν6 [45]. Note that z-polarized components ν3 and
ν4 of 2X1¯1 are expected to be very weak due to the strong
hh-like character of the recombining hole, hence the fact
that no appreciable z-polarized intensity is detected in
the experiments for these transitions is well understood.
For the lh-like transitions 2X11¯, on the other hand, the z-
polarized components are expected to dominate. A sym-
metry analysis based on C3v predicts four transitions ν7
to ν10 optically active with both σ- and z-polarization,
while this pattern simplifies under D3h where only two
(ν7 and ν8) are active with σ-polarization and the other
two (ν9 and ν10) are active with z-polarization. The ex-
periments reveal two transitions (ν7 and ν8) dominating
with y-polarization [see peak fits in Fig. 16 (c)], and
two other transitions (ν9 and ν10) dominating with z-
polarization [see peak fits in Fig. 16 (d)]. However, all
four emission lines ν7 to ν10 of 2X11¯ are active with both
y- and z-polarization. Thus, the transitions ν7 to ν10 are
all probing the actual C3v symmetry of the dot, but their
relative intensities can be understood on the basis of an
approximate elevation of symmetry towards D3h.
Having identified all the relevant emission lines of X10,
X01 and 2X11 in the PL spectra, experimental values of
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FIG. 16: (a) Group theory derived decay schemes of 2X11
under C3v and D3h. Doubly degenerate (non-degenerate) lev-
els are shown with thick (thin) horizontal lines. Transitions
with isotropic polarization in the xy-plane are represented
by thick vertical lines, and z-polarized transitions are repre-
sented by dotted vertical lines. (b) to (d) Experimental µPL
data of indicated exciton complexes acquired in the side-view
geometry shown as circles along with peak fits shown as thick
solid or dotted curves for y-and z-polarized data, respectively.
The individual Voigt peaks used in the fitting have identical
widths and they are shown with grey solid lines below each
curve.
the fine structure energies can conveniently be extracted
with the aid of the diagrams in Fig. 16 (a). It is found
that for the dot presented in Figs. 14 (b-c) and 16 (b-
d), ∆0eh = 172µeV, ∆
1
eh = 155µeV, ∆
2
eh = 62µeV and
∆hh = 265µeV. The same analysis performed on other
QDs in the same sample give very similar values. A split-
ting between the two energy levels of X10 is determined
within a range of 150-180 µeV, which is sufficiently large
to be easily resolvable in the PL spectra. However, no
additional spectral feature can be observed in a range of
±300 µeV from the single emission line of X10 as shown
in Fig. 14 (e), thereby confirming the existence of dark
states resulting from a symmetry elevation towards D3h.
In the following, we will describe the transitions related
to the positively charged biexciton 2X+21. The electron
level and the first hole level are both filled for this com-
plex. Hence, the Pauli exclusion principle leads to invari-
ant e-e and h-h states labeled A1 under C3v. Thus, the
symmetry of the quantum states of 2X+21 is merely deter-
mined by the additional lh-like hole state labeled E1/2,
since A1×A1×E1/2 = E1/2. The charged biexciton 2X+21
decays radiatively either via the conventional trion X+20
or the excited trion X+11. In the case of X
+
20 the hole level
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FIG. 17: (a) Group theory derived decay schemes of 2X+21
under C3v and D3h. Doubly degenerate levels are shown with
thick horizontal lines. Transitions with isotropic polarization
in the xy-plane are represented by thick vertical lines, and z-
polarized transitions are represented by dotted vertical lines.
(b) to (e) Experimental µPL spectra of indicated exciton com-
plexes acquired in side-view geometry at T = 27 K. Solid
(dotted) curves correspond to y-polarized (z-polarized) PL.
Black thin vertical dotted lines aid the labeling of individual
emission lines. Gray vertical dotten lines labels indicate con-
sistently predicted energy positions. The strong and overlap-
ping intensities from X10 and 2X20 in (c) and (d) are cropped
vertically.
is also filled, resulting in an invariant h-h state A1. The
quantum state of this complex is therefore entirely deter-
mined by the additional electron state labeled E1/2. For
X+11, on the contrary, the holes form two E-states split
by h-h exchange interaction, analogous to 2X11, which,
when multiplied with the single electron, yield the total
product E1/2 × (E + E) = E3/2 + E1/2 + E3/2 + E1/2.
Hence, unlike 2X11, the states of X
+
11 are additionally
split by e-h exchange interactions. The trions finally de-
cay into single hole states h2 or h1, labeled E1/2 and
E3/2, respectively.
The complete decay schemes of 2X+21 for both C3v and
D3h are depicted in Fig. 17 (a). The optical transition
patterns of X+
11¯
are identical for C3v and D3h, featuring
two components (νII and νIII) active with σ-polarized
light, and two other transitions (νI and νIV ) active with
z-polarized light. Thus, the spectrum of X+
11¯
is unaf-
fected by symmetry elevation, and the strict polarization
selection rules are entirely obeyed by the experimental
data shown in Fig. 17 (b). The corresponding hh-like
spectrum X+
1¯1
, on the other hand, is predicted to be dif-
ferent between C3v and D3h, with one of the transitions,
νiii, becoming optically inactive under D3h. The exper-
imental spectrum of X+
1¯1
shown in Fig. 17 (c) overlaps
partly with the strong emission (saturated) from the sin-
gle exciton νX10 , and, due to the hh-like character of the
recombing hole, none of the predicted vertically polarized
components can be observed. Nevertheless, the νiii tran-
sition is clearly resolved with sufficient intensity in these
experiments. We conclude from this that the νiii transi-
tion is a very sensitive probe of the actual C3v symmetry.
This conclusion also holds for the transitions related to
2X+
2¯1
, where the corresponding transition νı¯ı¯ı¯ becomes
dark under D3h. In this case is the νı¯ı¯ı¯ transition is also
well-resolved in the PL spectrum shown in Fig. 17 (d),
while two of the other transitions, νı¯ and νı¯ı¯ are con-
cealed due to overlap with the strong emission from the
biexciton νX20 . Note that even though some transitions
remain unresolved, their exact energy positions can be
precisely predicted from the energy spacings between the
transitions that are observed in the X+
11¯
spectrum. These
predicted but unresolved transitions are indicated with
gray labels and lines in Figs. 17 (c-d). An experimen-
tal indication of the unresolved components νı¯ and νı¯ı¯ is,
however, evidenced by the slight asymmetry of νX20 in
Fig. 17 (d). The sole emission line of 2X+
21¯
is shown in
Fig. 17 (e) for completeness.
In the above examples, transitions ν7 to ν10 and in par-
ticular νiii as well as νı¯ı¯ı¯ are found to be sensitive probes
of the actual C3v symmetry, highlights the importance to
consider the true symmetry of the QD in order to fully
understand the fine structure of the spectral patterns.
The e-h exchange interactions ∆Ieh and ∆
II
eh cause the
energy spacing within pairs of y- and z-polarized com-
ponents of X+
11¯
. Since the transitions of X+
11¯
consist
of two components in each polarization direction, these
e-h exchange energies can only be determined as indi-
cated in Fig. 17 (b) under the ad-hoc assumption that
∆Ieh < ∆hh and ∆
II
eh < ∆hh. In this case, the result-
ing values would be ∆Ieh = νIV − νIII = 140 µeV and
∆IIeh = νII −νI = 60 µeV, while ∆hh then must be in the
range from 260 to 400 µeV, i.e. values comparable with
the exchange interaction energies previously obtained for
the single excitons and the excited biexciton (∆0eh = 172
µeV, ∆1eh = 155 µeV, ∆
2
eh = 62 µeV and ∆hh = 265 µeV
). The assumption made here is also fully consistent with
the experimental results that are presented in the next
section when symmetry breaking is taking place.
The positively charged biexciton 2X+21 is the only com-
plex identified with lh-like emission that is in its ground
state, i.e. without having any holes in higher excited
states. It was shown in Fig. 11 (b) that the ap-
pearance of 2X+
21¯
at high powers was accompanied by
several weaker spectral features polarized in z- and y-
direction and positioned in between 2X+
21¯
and 2X11¯. We
will present a series of consistent arguments to justify
the assignment of these features to the excited positively
charged biexciton 2X+12. The derived decay schemes of
2X+12 as well as close ups of the relevant parts of the spec-
tra are shown in Fig. 18. The theoretical fine structure
of 2X+
12¯
shown in Fig. 18 (a) exhibits a pattern iden-
tical with X+
11¯
, except that it is energetically reversed
for 2X+
12¯
. Indeed, the experimental energy difference be-
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FIG. 18: (a) Group theory derived decay schemes of 2X+12
under C3v and D3h. Doubly degenerate levels are shown with
thick horizontal lines. Transitions with isotropic polarization
in the xy-plane are represented by thick vertical lines, and z-
polarized transitions are represented by dotted vertical lines.
(b) Experimental µPL spectra acquired in side-view geometry
with exciton power of 650 nW at T = 27 K. Solid (dotted)
curves correspond to y-polarized (z-polarized) PL. Additional
and vertically shifted spectra of 2X11¯ acquired with the lower
excitation power of 500 nW are also shown with thin lines.
Black thin vertical dotted lines aid the labeling of individual
emission lines. Gray vertical dotted lines labels indicate con-
sistently predicted energy positions. The inset shows spectra
of 2X1¯1 acquired at 650 nW and 500 nW with thick and thin
lines, respectively.
tween the 2X+
12¯
transitions νI¯V¯ and νI¯ I¯ I¯ is equal to that
between νIV and νIII for X
+
11¯
, but the spectral ordering
of the two polarized transitions is reversed. Moreover,
the presence of a third peak νI¯ I¯ is evidenced by the ap-
parent broadening and slight red shift of ν9 related to
2X11¯ at high powers. Thus, it is concluded that νI¯ I¯ in
Fig. 18 partially overlaps with spectral line of ν9. Note
that the order of the pattern is reversed in energy and
that also the polarization of νI¯ I¯ to νI¯V¯ perfectly matches
that of the transitions νII to νIV of X
+
11¯
. The fourth
transition νI¯ , predicted to be z-polarized, is completely
superimposed onto the strong z-polarization of ν9, and
cannot be resolved, but its accurate energy position is
indicated with a gray label νI¯ in Fig. 18 (b).
There is a second recombination path 2X+
1¯2
from the
complex 2X+12 that leads to the doubly excited trion X
+
02.
Due to the low relaxation efficiency between the hole
states that is evidenced in Fig. 2 (b), this trion may
recombine optically before relaxation takes place. A sin-
gle emission line active with both σ- and z-polarization
is predicted for this complex [see Figs. 15 (c) and 18
(a)]. A plausible candidate for X+
02¯
in the spectra is the
shoulder appearing on the high energy side of νIV of X
+
11¯
in Fig. 18 (b) at high excitation powers. This spec-
tral peak is most clearly resolved in the y-polarization,
because its dominating polarization in the z-direction is
overlapping with a strong z-polarized component of X+
11¯
.
With the aid of the decay diagrams in Fig. 18 (a), it
is now possible to accurately predict the energy of the
corresponding hh-like transition 2X+
1¯2
. For this QD, the
predicted energy nearly coincides with that of the ν1 tran-
sition of 2X1¯1, as indicated by the gray label in the inset
of Fig. 18 (b). Thus, 2X+
1¯2
remains unresolved, but it
provides an explanation to the apparent change in rela-
tive intensities between ν1 and the two other transions
ν2 and ν3 of the same complex at increased excitation
power [see inset of Fig. 18 (b)], as 2X+12 appears only at
excitation powers sufficiently high for hole state filling.
It may also explain the apparent slight energy shift to
lower frequency of the lowest 2X1¯1 transition ν1 at high
excitation power.
It should be noted that all the discussed effects of sym-
metry elevation towards D3h made in this section would
also hold for symmetry elevation from C3v towards C6v.
In this case, the electron as well as the light-hole like
states are associated to E1/2 and the heavy-hole like
states to E3/2. Thus, although the intuitive arguments
for elevation towards C6v are less obvious than those for
D3h [45], none of the performed experiments can distin-
guish which type of elevation is most relevant. It may be
that both elevations are relevant for certain complexes,
leading to very strong and robust elevation effects, like
the dark state of X10.
To summarize this part, symmetry arguments applied
to the optical selection rules and to the fine structure
were sufficient to gain essential understanding of the com-
plexity of the emission patterns exhibited by a large va-
riety of excitonic complexes. It was demonstrated that
the pyramidal quantum dots do exhibit a high C3v sym-
metry, and whereas many spectral patterns are well ex-
plained on the basis of an approximate elevation of the
symmetry, some patterns and specific transitions are par-
ticularly sensitive indicators of the exact C3v symmetry.
These results strongly highlight the importance of taking
the true dot symmetry into consideration when analyzing
the spectral fine structure.
VII. SIGNATURES OF SYMMETRY
BREAKING
The fine structure of about 15% of the investigated
QDs is well explained by the symmetry analysis of the
previous section assuming a C3v point group. Other QDs
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FIG. 19: Experimental µPL spectra of indicated exciton com-
plexes acquired in side-view geometry organised in columns
for three different QDs (QD1, QD2 and QD3). Solid (dotted)
curves correspond to y-polarized (z-polarized) PL. Black thin
vertical dotted lines aid the labeling of individual emission
lines. QD1 to QD3 exhibit a successively stronger breaking
from the ideal C3v symmetry.
in the same sample exhibit, however, more complex fine
structure patterns. This is illustrated in Fig. 19 for
three different QDs (QD1-QD3) and the three transition
patterns corresponding to 2X1¯1, 2X11¯ and X
+
11¯
. These
transitions were previously shown to exhibit the effects
of symmetry elevation towards D3h. Here, the spectra of
the dot labeled QD1 feature all the transitions derived in
the previous section, while the spectra of QD2 and QD3
do exhibit additional emission lines and deviates from the
strict polarization selection rules established for C3v.
In order to analyze the effects of symmetry breaking
on the fine structure patterns, it is for simplicity assumed
that breaking occurs from the elevated symmetry D3h to-
wards the elevated symmetry C2v (from Cs). Here, one
symmetry plane of C2v is perpendicular to the xy-plane,
which is in contrast to the standard geometry of SK QDs
where both symmetry planes of C2v are perpendicular to
the xy-plane. In Fig. 20 we show the decay schemes
of the three patterns under discussion, which are derived
with an analysis assuming a C2v point group. For conve-
nience, the corresponding schemes for D3h are repeated
in the figure. The symmetry breaking towards C2v has
three main effects on the spectra: i) Degenerate levels
split into two energy levels. ii) The isotropic polariza-
tion associated with degenerate levels splits into x- and
y-polarized components, i.e. the polarization isotropy
is lost. iii) New transitions become optically activated,
in particular new z-polarized transitions appear for X1¯0,
2X1¯1 and 2X11¯, while all the X
+
11¯
transitions are allowed
for all the polarization directions. Note that any further
symmetry breaking, e.g. towards Cs, would not cause
any additional energy splitting, but more emission lines
would become optically activated in other polarization
directions.
Inspection of the top 2X1¯1 spectra in Fig. 19 suggests
that the main difference between QD1 and QD2 (QD3)
is a splitting of about ∼120 µeV (∼280 µeV) for transi-
tion ν3. Any energy splitting of the spectral line ν3 in an
asymmetric dot could originate either from a splitting of
its initial state, i.e. the upper E′ state of 2X11, caused
by h-h exchange interactions (∆Ahh), or from a splitting
of its final state, the E′ state of X01, caused by e-h in-
teractions (δA0eh ) [see Fig. 20 (b)]. Note that the h-h
exchange interaction energy ∆Ahh would also cause split-
tings of transitions of ν10 and ν7 of 2X11¯, which originate
from the same initial state. Splittings with comparable
values for these two transitions are indeed observed for
the pattern of 2X11¯ in the experimental spectra of QD2
and QD3 that are reported in Fig. 19 (middle row).
Since no splittings are resolved for the other transitions
(ν1, ν2, ν8 and ν9) originating from the lower E
′′ state
of 2X11, it must be concluded the h-h exchange splitting
of that state under asymmetry (δAhh) is too small to be
resolved for these QDs. It can also be concluded that
any further splitting caused by e-h exchange interactions
in the final single exciton states under asymmetry (δA0eh ,
δA1eh and δ
A2
eh ) remains unresolved in the spectra of Fig.
19.
Based on the arguments given above, the interpreta-
tion of the spectra of QD2 and QD3 is that these dots
exhibit successively stronger breaking from the ideal C3v
symmetry (with D3h elevation). One dominating signa-
ture of symmetry breaking for biexcion 2X11 was iden-
tified as the h-h exchange induced splitting ∆Ahh of its
excited E′ state. h-h interactions of the same origin ex-
ist also for the trion X+11, but the e-h interactions of this
complex already result in split excitonic states for a sym-
metric QD. However, for asymmetric QDs, the additional
splitting ∆Ahh due to h-h interactions will be superim-
posed onto existing splittings caused by e-h-interactions,
modifying the energy spacing between the νIV and the
νIII transitions originating from the split hole levels. It
can be seen in theX+
11¯
spectra of Fig. 19 (last row), going
from QD1 to QD3, that the energy spacing successively
increases for the two transitions identified as νIV and the
νIII , with an amount comparable to the observed energy
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FIG. 20: Group theory derived decay schemes of indicated
complexes under D3h and C2v. Doubly degenerate (non-
degenerate) levels are shown with thick (thin) horizontal lines.
Transitions with isotropic polarization in the xy-plane are rep-
resented by thick vertical lines, x-polarized (y-polarized) and
z-polarized transitions are represented by grey (black) solid
and black dotted vertical lines, respectively.
splittings of 2X11. This trend is more clearly represented
in Fig. 21 (a) where all the values of the discussed energy
splittings are plotted.
It should also be noted that the set of hh-like transi-
tions 2X1¯1 gains stronger z-polarization with increased
symmetry breaking [see Fig. 19 (top row)]. This is
consistent with opening of new z-polarized decay chan-
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FIG. 21: (Color online) Measured energy splittings of ν3, ν7
and ν10, as well as the energy separation between νIV - νIV
for the three QDs of Fig. 19 exhibiting successively stronger
breaking from the ideal C3v symmetry. For QD1, the split-
tings of ν3, ν7 and ν10 are unresolved, with the corresponding
values set to zero.
nels, but it also indicates that the relatively small lh-
character associated with the hh-like level h1 is responsi-
ble for an increased overlap with the electron wave func-
tion for asymmetric quantum dots. Similar relaxation
of the polarization selection rules are also observed for
the set of lh-like transitions X+
11¯
[see Fig. 19 (bottom
row)]. For a symmetric dot, under C3v as well as D3h,
strict polarization rules were predicted with νI and νIV
as z-polarized while νII and νIII are σ-polarized tran-
sitions. For a QD with C2v symmetry (or lower), all
transitions are active in all polarization directions. It
can clearly be seen for QD3 that νIV has gained in in-
tensity in the y-polarized direction and that νIII appears
also with z-polarized light. Interestingly, the strict po-
larization rules of C3v still hold for νI and νII , which
are the transition originating from the lower X+11 levels
that were found previously to be nearly unaffected by the
symmetry breaking.
An additional consequence of symmetry breaking to-
wards C2v is the activation of a z-polarized transition for
the hh-like single exciton X10 [see Fig. 20 (a)]. As this
exciton is the final state in the decay of the biexciton
2X20, any corresponding z-polarized component should
be observed for 2X2¯0. Decay schemes of 2X20 for both
D3h and C3v are shown in Figs. 22 (a) and 22 (d),
respectively. As already mentioned, the corresponding
PL-spectrum of 2X2¯0 and X1¯0 of the symmetric QD1 re-
ported in Fig. 20 (b) do not reveal any z-polarized com-
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FIG. 22: (a) Group theory derived decay schemes of the con-
ventional biexciton 2X20 underD3h. Doubly degenerate (non-
degenerate) levels are shown with thick (thin) horizontal lines.
Transitions with isotropic polarization in the xy-plane are rep-
resented by thick vertical lines. (b) µPL spectra of the con-
ventional exciton X10 and biexciton 2X20 of a symmetric QD
acquired in side-view geometry. The solid (dotted) black lines
indicate PL intensity Iy (Iz) linearly polarized along y (z). (c)
The degree of linear polarization P = (Iy − Iz)/(Iy + Iz). (d)
Analogous to (a) but for C2v. x-polarized (y-polarized) and
z-polarized transitions are represented by grey (black) solid
and black dotted vertical lines, respectively. (e) and (f) Anal-
ogous to (b) and (c) but for an asymmetric QD.
ponents. On the other hand, the spectra of the asymmet-
ric QD3 shown Fig. 20 (e) evidences weak z-polarized
components about 200 µeV below (above) the main y-
polarized transition of X1¯0 (X2¯0). These z-polarized
components yield significant dominating dips in the cor-
responding degree of polarization plotted in Fig. 22 (d).
The energy spacing between y- and z-polarized compo-
nents of ∼ 200 µeV is nearly the same as the previously
estimated splitting ∆0eh = 172 µeV between the bright
and the approximately dark state of X10 for a symmetric
QD. A small differences of the splittings are expected be-
tween symmetric and weakly asymmetric QDs due to the
symmetry dependencies of the interactions energies, e.g.
due to the symmetry induced splittings δA1eh and δ
A2
eh [see
Fig. 20 (d)]. These results demonstrate that C2v QDs
do not exhibit two dark states, but merely a single one.
Note that z-polarized components is normally not acces-
sible in conventional top-view light collection, where the
x- and y-polarized components are probed.
The side-view light collection implemented in this anal-
ysis of symmetry breaking may be inconvenient for the
characterization of a large numbers of QDs, since only
a one-dimensional array of dots can be accessed in this
geometry. Instead the conventional top-view geometry
may be more suitable for fast and efficient symmetry
characterization, with access to two-dimensional arrays
of QDs. Two of the strong signatures of symmetry break-
ing described so far are, however, clearly observed in the
standard top view geometry, even without the need of
polarization resolved spectroscopy in the xy-plane: (1)
The detection of a splitting of the ν3 transition of 2X1¯1,
i.e. the observation of four instead of three peaks in the
spectral pattern of 2X1¯1, and (2) the detection of a third
peak corresponding to νIV of X
+
11¯
, i.e. the observation of
more that two peaks in the spectral pattern of X+
11¯
. The
first case should be considered the most robust, since it
is insensitive to polarization cross-talk which may occur
for certain sample structures for which a small amount of
z-polarized light can be also detected from the top-view
due to light scattering.
The signatures of symmetry breaking described in this
section are much less demanding to resolve than the stan-
dard measurements of e-h exchange induced fine struc-
ture splitting δA1eh , which has typical values in the range
of 0 - 50 µeV [47]. The sensitivity of h-h exchange in-
teraction to a weak symmetry breaking was clearly evi-
denced in the optical spectra of the biexciton 2X11, yield-
ing splittings ∆Ahh up to 250 µeV. This higher sensitivity
suggests that a simple measurements of ∆Ahh can be per-
formed, instead of the direct measurement of δA1eh , in or-
der to assess the symmetry and efficiently select of QDs
suitable for certain experiments or applications (e.g. for
polarization entangled photon sources).
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VIII. DISCUSSION
We will highlight some direct consequences of the anal-
ysis made in this work and discuss them in relation ex-
perimental and theoretical studies, mainly performed on
conventional SK QDs In(Ga)As/GaAs QDs. Parts of the
points discussed here have briefly been mentioned in our
previous publications, in which we did not present a com-
plete analysis of the exciton complexes [12, 45].
The direct access to the energy separation between h2
and h1 was originally reported by Siebert et al. from the
optical spectra of the excited positive trion in InAs/GaAs
SK QDs [48]. In that case, the relevant transitions
were, however, determined by resonant excitation and
PL-excitation spectroscopy. In our work, we perform a
non-resonant µPL spectroscopy of X+11 and we could find
that there was only a small reduction of the exciton bind-
ing energy of ∼0.6 meV for the excited lh-like exciton in
comparison to its hh-like counterpart. The correspond-
ing binding energy difference reported for InAs/GaAs SK
QDs covers a wider range, however, from 0.5 to 2.7 meV
[48]. For these SK QDs the ground and excited hole levels
have a dominant hh-character. In both cases, the reduc-
tion of binding energy is understood as a reduction of the
attractive e-h interaction, which takes place because the
excited hole state has a smaller overlap with the electron
state than the ground hole state.
It is widely accepted that the single exciton of a QD
exhibit two bright states and two dark states [10]. This
description of the fine structure of an exciton under-
lines that the dark states are characterized by a total
angular momentum J of ±2 arising from the electron
(±1/2) and hole spins (±3/2) in a zinc-blend semicon-
ductor heterostructure [49]. Our group theoretical anal-
ysis of the optical selection rules reveals, however, that a
QD with C2v symmetry exhibit a single dark state [see
Fig. 22 (d)], while the three other exciton states are op-
tically active with x-, y- and z-polarization, respectively
[12, 45]. This prediction of a z-polarized component is
indeed confirmed by the experimental results displayed
in Figs. 22 (e) and (f), where this z-polarized spec-
tral line is positioned 200 µeV from the single exciton
transition X1¯0. On the other hand, the existence of a
z-polarized component in the emission spectrum of an
exciton was experimentally demonstrated for asymmet-
ric self-assembled CdTe/ZnTe QDs [50] and theoretically
confirmed using a tight-binding model [51].
On the basis of a simple single band model it was
predicted that the fine structure of excited trions has
a universal structure for both positively and negatively
charged excitons; the main structure originates from the
singlet-triplet states caused by exchange interaction be-
tween pairs of holes or electrons [52]. However, experi-
ments as well as atomistic theory on double charged exci-
ton in C2v InAs/GaAs QD demonstrated a clear distinc-
tion between electron-electron and hole-hole exchange in-
teraction. While two electrons form singlet-triplet states,
two holes instead form one doublet and two singlets [53].
The explanation for this difference is drawn on the spino-
rial nature of the single-particle states: spin 1/2 for the
electrons and spin 3/2 for the holes. For heavy-holes
this would lead to a twofold degenerate state with J =
3 and two singlets with J = 0 and J = 2 [53]. On the
basis of the group theory approach used in our work we
could predict that for QDs with C3v symmetry, the two
holes only belong to two doubly-degenerate states. This
prediction is the origin of the two E states of 2X11. Fur-
thermore, it was found that under C2v any pair of holes
(or electrons) under exchange interaction corresponds to
non-degenerate states [see top part of Fig. 20]. These
results hold independently of the heavy or light hole char-
acter of the single-particle states.
The maximal h-h exchange interaction energies ∆hh
determined for the pyramidal QDs in this work are typ-
ically below 300 µeV. This small value should be com-
pared to the e-e exchange interaction ∆ee of more than 7
meV that was experimentally determined from the emis-
sion lines of a double negatively charged exciton for sim-
ilar QDs with excited electron states [33]. The tiny value
of ∆hh reported here can appear surprising on a first
glance, especially when considering that the holes are
heavier and thus more localized than the electron, which
would lead to larger Coulomb interaction energies for
holes than for electrons. However, exchange interactions
only occurs between identical particles. For pure hh- and
lh-states, no long-range h-h exchange splitting exist at all
due to the spinorial orthogonality between the two states.
The fact that holes in h1 are to a large extent hh (∼90
%) while holes in h2 are only ∼10 % hh indeed leads to
very small values of ∆hh in the investigated QDs. Thus,
much larger values would be expected if the character of
the holes in h1 and h2 were similar, or if both were to be
strongly hh-lh mixed. Corresponding values of ∆hh for
conventional SK QDs, where both hole levels involved
have mainly a hh-character, have been determined to be
in the range of 2 to 5 meV [53, 54]. In other QDs with
hole states of similar hole character or with higher degree
of hh-lh mixing, the h-h exchange induced splitting ∆Ahh
upon symmetry breaking can be much more significant
than in the present work, with values in the meV range
[55].
IX. CONCLUSIONS
A sequence of experimental methods has been imple-
mented in order to reach a complete understanding of the
various intrinsic spectral features of exciton complexes in
pyramidal QDs. Our approach enables a solid experimen-
tal identification of all relevant exciton complexes, includ-
ing complexes with weak emission lines and overlapping
spectral features without relying on any quantitative esti-
mation of their fine structure splittings. A general group
theoretical analysis of the excitonic fine structure was
presented for all the observed exciton complexes, which
enabled the the identification and determination of the
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e-h and h-h exchange interaction energies contributing to
the experimentally observed splittings. Furthermore, it
was shown that the observed dot-to-dot variation of the
fine structure splittings could be consistently explained
as effects of various degrees of breaking from the ideal
C3v symmetry. This work emphasizes the importance of
the actual QD symmetry as well as approximate elevated
symmetries in order to derive the optical selection rules
of the exciton complexes and to reach a comprehensive
description of their emission patterns.
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